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Abstract 23
Using multiple markers and multiple analytical approaches is critical for establishing 24 species boundaries reliably, especially so in the case of cryptic species. Despite development 25 of new and powerful analytical methods, most studies continue to adopt a few, with the 26 choice often being subjective. One such example is routine analysis of Amplified Fragment 27
Length Polymorphism (AFLP) data using population genetic models despite disparity 28 between method assumptions and data properties. Tris, 3% SDS) were used. Whole genomic DNA was extracted using standard salt 198 precipitation protocols (Sambrook et al. 1989 ). Three mitochondrial genes, 12S rRNA (12S), 199 16S rRNA (16S), and NADH4 (ND4), were amplified (as described 
AFLP Genotyping 205
Genomic DNA was extracted using GenElute TM Mammalian Genomic DNA Miniprep 206
Kit (Sigma-Aldrich). Extracts were duplicated for six samples using the same tissue type, and 207 three samples using different tissue types, for repeatability tests, and negative controls 208 (lacking any tissue) were included to monitor contamination. Extract quality was checked on 209 1% Agarose-EtBr gels, DNA was quantified on a NanoDrop ND-1000 Spectrophotometer, 210 and corrected to 10 ngµl -1 using 0.1M TE. 211
AFLPs were generated following the general protocol from , but 212 with specific modifications as follows. 100 ng DNA was used per sample and 6.9 µl 213 digestion-ligation mix (final concentrations: 1X TA buffer, 0.17 µgµl -1 bovine serum albumin, 214 0.059 Uµl -1 each of EcoRI and MseI enzymes, 0.3X T4 ligase buffer, 0.03 Uµl -1 T4 DNA 215 ligase, 0.74 µM each of Eco and Mse adaptors with 3 µl d2H2O) was added to make up a final 216 volume of 16.9 µl. This was incubated at 16 o C for 16 hours in a preconditioned water bath in 217 ThermoFast ® 96-well plates (ABgene) and diluted by a factor of 1:4 (i.e. to a final volume of 218 50 µl) with d2H2O. 219 automated and semi-automated AFLP scoring methods have been proposed in an effort to 245 reduce time, error, and subjectivity of peak calling (reviewed in Meudt and Clarke (2007) ). 246 We used the semi-automated method proposed by but found that direct 247 application of this method to raw or filtered data (using the specified phenotype-calling 248 threshold) resulted in significant numbers of inaccurate peak-calling from unaccounted false 249 peaks (artefacts, inter-dye pull-ups, shoulder peaks, saturation peaks), peak mobility, and 250 clear peaks failing to get called. Therefore, the data was first checked by eye and corrected 251 for peak mobility, false peaks and uncalled peaks. Mean Peak Height (MPH) was calculated 252 at each locus, a locus-selection threshold of 100 relative fluorescence units was applied. A 253 relative phenotype-calling threshold of 20% of MPH was applied, i.e., all peaks ≥ 20% MPH 254
were marked as present (1) and peaks ≤ 20% MPH were marked absent (0). We found our 255 method, albeit time-consuming, significantly enhanced genotyping accuracy. Repeatability 256 was measured as the number of loci with corresponding band presences across duplicated 257 samples compared to the total number of loci scored. Generalized time-reversible with gamma-distributed rate variation (GTR+G) for 12S and first 268 and second codon positions of ND4; and GTR for 16S and third codon position of ND4. 269
Viridovipera vogeli was used as outgroup. Four independent MCMC analyses of 15,000,000 270 cycles each (sampled every 3,000 generations) were performed with one cold chain and three 271 heated chains. The first 25% of trees were discarded as burn-in and a 50% majority-rule 272 consensus tree was constructed from combined post-burn-in trees. Trace plots of clade 273 probabilities were viewed using AWTY (Wilgenbusch et al. 2004 the coding bias to 'noabsencesites' for AFLP data to correct data for unobserved all-absence 282 sites (Ronquist and Huelsenbeck 2003) . The total evidence dataset was partitioned into AFLP, 283 12S, 16S, and ND4 partitions and model parameters estimated for mtDNA genes (Posada 284 2008) . Four independent MCMC analyses were performed with 3 million cycles (sampled 285 every 1000 generations) using one cold chain and three heated chains. The first 300,000 and 286 500,000 runs were discarded as burnin for AFLP and total evidence datasets respectively. A 287 consensus tree was derived from post-burnin trees using all compatible groups. Final 50% 288 majority rule consensus trees were constructed and re-rooted using the basal clade from the 289 mtDNA reconstruction in FigTree v1.1.2 (Rambaut and Drummond 2008 Classical Multidimensional Scaling, is a traditionally used cluster analysis that transforms 362 distances among objects into similarity/dissimilarity matrix (Gower 2005 ). This matrix is 363 used to position objects in a space of reduced dimensionality while retaining the relationships 364 between them. We performed a PCoA in MVSP v3.13n using Gower General Similarity Co-365 efficient (Gower 1966 (Gower , 1971 among putative species from AMOVA was 46% and 54% respectively. Overall ΦPT was 0.538 439 and ΦPT between populations are given in Table 1 . The % polymorphic loci for T. macrops 440 s.s., T. cardamomensis and T. rubeus were 54%, 21% and 25% respectively. A plot of log10 441 (BF) against Fst in BayeScan showed no outliers indicating neutrality of loci (Fig. A.3) . 442
Estimated historical gene flow, Nm, among populations was 0.14. 443
Non-spatial and spatial Bayesian MCMC cluster analysis 445
In STRUCTURE, Ln Pr(X|K) increased by large increments up to K=4, while the 446 increase was small at K=5 and decreased after K=6 (Fig. A.4a) . With Evanno's methods, ΔK 447 clearly peaked at three populations (Fig. A.4b) . A graph estimating population structure for 448 K=4 (including T. venustus) is given in Fig. 3 . The probability of each individual belonging to 449 assigned species is given in Table A 
Multivariate statistical analysis of AFLPs 461
PCoA showed that ~50% of total variation was explained by the first three axes. 462
These accounted for 24%, 18% and 7% of observed variation. A scatterplot showed the three 463 proposed species formerly within T. macrops to be well separated on axes 1 and 3 (Fig. 5a) . 464
465
The DAPC scatterplot clearly demarcated the three clusters corresponding to the 466 putative species, with T. venustus as the fourth cluster (Fig. 5b) . Assignment of individuals to 467 each cluster in the former T. macrops (Fig. A.5a) In prabclus four species clusters (including T. venustus) were detected and clearly 471 separated in dimensions 1 and 3 with 100% accuracy of individual assignment to respective 472 clusters (Fig. 5c) . No datapoints were classified as noise components in this analysis (Fraley 473 and 
T. macrops s.s., T. cardamomensis, and T. rubeus (Malhotra et al. 2011a). 508
In contrast, GENELAND was the only method that gave a contradictory result. This 509 brings into question the appropriateness of using GENELAND for a system such as this, and 510 we discuss this further in subsequent sections. The AFLP-only phylogenetic analysis, with 511 low support values, was unreliable. It is likely that low confidence can be placed in these two 512 results. We discuss our results and evaluate inferences in the context of dominant marker 513 analysis methods and provide a comparative assessment of phylogenetic, Bayes Factor 514 Delimitation, spatial and non-spatial Bayesian clustering methods, DAPC, Gaussian 515 clustering, and finally hierarchical clustering. 516 517
Comparative assessment of results from AFLP analysis 518

Phylogenetic analyses 519
The resolution in total evidence Bayesian phylogenetic reconstruction matched that of 520 traditionally used mtDNA markers, producing a robust phylogeny with three distinct clades in 521 T. macrops (Fig. 2a & b) . The AFLP tree, however, showed poor resolution of species and 522
low support values at deeper nodes (Fig. A.2 
Non-spatial and spatial Bayesian MCMC clustering analyses 556
Both STRUCTURE and GENELAND use Bayesian MCMC methods to assign 557 individuals probabilistically to populations based on allele frequencies. They cluster groups 558 of individuals into populations by assuming that they are in HWE and linkage equilibrium. In 559 the estimation of number of clusters (K), both STRUCTURE and GENELAND failed to 560 differentiate T. cardamomensis as a separate species cluster and returned K = 3 by grouping 561 these specimens in a single cluster with T. macrops s.s. (Fig. 3 & 4) . 562
In STRUCTURE, the Pritchard et. al. (2000) method was inconclusive as to whether 563 K equalled 3, 4, or even 5, as results depended on what cut off was applied to the Ln Pr(X|K) 564 increase (Fig A.4a) . In contrast, Evanno's method gave us a clear result of K = 3 (Fig. A.4b) . 565 Applying Evanno's correction is the norm for K estimation, since it is more formal and is 566 endorsed by Pritchard et al. (2007) . However, the Pritchard et. al. (2000) method of K 567 estimation, which is said to be unreliable, subjective, and sometimes biologically 568 meaningless, proved more realistic when the Ln Pr(X|K) values were compared. The Ln 569 Pr(X|K) increase from K = 3 to 4 was 8.57%, approximately 50% of increase from both K = 1 570 to 2 and K = 2 to 3, whereas it dropped to 2.1% for K = 4 to 5 (Table A. (Fig. 5a, b , & c and Fig. A.6 T. cardamomensis, and T. rubeus as full species. Further, our study reinforces the importance 656 of using appropriate and multiple analysis methods and performing a comparative assessment 657 before deriving inferences on species diversity. The study also demonstrates the continued 658 utility of AFLPs for cryptic species delimitation and discovery, when high cost and 659 sequencing noise can be deterrents for using high-throughput sequencing (e.g. RAD-Seq) 660 (Davey et al. 2013) . Table 2 Bayes Factor Delimitation of species in the Trimeresurus macrops complex using
AFLPs (298 loci).
Alternate species delimitation models were tested using SNAPP BFD against the four species model (Model A). Lumping of species is indicated by parentheses.
The four species model is significantly better than all other models by 2 x loge BF ≥ 408. 
Model
